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Photosynthetic Bradyrhizobium sp. Strain ORS285 Is Capable of
Forming Nitrogen-Fixing Root Nodules on Soybeans (Glycine max)
Eric Giraud,a Lei Xu,b Clémence Chaintreuil,a Daniel Gargani,c Djamel Gully,a Michael J. Sadowskyb
IRD, Laboratoire des Symbioses Tropicales et Méditerranéennes (LSTM), UMR IRD/ SupAgro/INRA/UM2/CIRAD, Montpellier, Francea; BioTechnology Institute and
Department of Soil, Water, and Climate, University of Minnesota, St. Paul, Minnesota, USAb; CIRAD, UMR BGPI INRA/CIRAD/SUP AGRO, Campus International de Baillarguet,
Montpellier, Francec
The ability of photosynthetic Bradyrhizobium strains ORS285 and ORS278 to nodulate soybeans was investigated. While the nod
gene-deficient ORS278 strain induced bumps only on soybean roots, the nod gene-containing ORS285 strain formed nitrogen-
fixing nodules. However, symbiotic efficiencies differed drastically depending on both the soybean genotype used and the culture
conditions tested.
Aside from their ability to form nitrogen-fixing nodules onboth the roots and stems of tropical aquatic legumes of the
genus Aeschynomene, the photosynthetic bradyrhizobia exhibit
several other remarkable features. First, their photosynthetic char-
acter, which is a rare property among rhizobia, contributes to
symbiotic efficiency by providing energy to the bacteria that can
be used for nitrogen fixation (1). Second, they are able to fix ni-
trogen in the free-living state (2). Third, they are able to develop a
natural endophytic association with an African wild rice species
Oryza breviligulata and this can be beneficial for plant growth and
grain production (3). Lastly, these bacteria are able use a novel
Nod factor (NF)-independent mechanism to interact symbioti-
cally with a restricted number of Aeschynomene species (4).
Two specificity groups can be distinguished among the pho-
tosynthetic bradyrhizobia. Group I strains, including strain
ORS285, contain the canonical nodABC genes found among
other rhizobia and have a broad host range that extends to all
stem-nodulated Aeschynomene species. In contrast, group II
strains, including ORS278 and BTAi1, lack nodABC genes and
are able to nodulate only a few species of Aeschynomene, in-
cluding A. sensitiva and A. indica (4). Interestingly, nod gene-
containing photosynthetic strains such as ORS285 are able to
use both NF-dependent and NF-independent symbiotic pro-
cesses, depending on the host plant nodulated (5).
The major NF synthesized by Bradyrhizobium sp. strain
ORS285 is a pentameric lipochitooligosaccharide (LCO) with a
2-O-methylfucose at the reducing end. This is the samemajor NF
synthesized by the nonphotosynthetic Bradyrhizobium japonicum
USDA 110 strain that nodulates soybean (Glycine max) roots (6).
It was recently shown that the B. japonicum strain USDA 110 is
able to form N2-fixing nodules on both the roots and stems of A.
afraspera, an Aeschynomene species that requires NF to initiate
symbiosis (6). Taken together, these data indicate that photosyn-
thetic and nonphotosynthetic bradyrhizobia share some common
symbiotic properties.
In this study, we examined the ability of photosynthetic Bra-
dyrhizobium strains to establish a symbiotic relationship with
soybean. Two photosynthetic Bradyrhizobium sp. strains were ex-
amined: the nod gene-lacking strain ORS278 and the nod gene-
containing bacterium ORS285. Since several studies have shown
that different soybean genotypes can differentially restrict nodu-
lation by specific rhizobial strains, three cultivars were tested:Wil-
liams 82, Peking, and Lambert (7–10). Moreover, since host-con-
trolled restriction of nodulation of soybean is temperature
dependent, we examined the influence of plant incubation tem-
perature on the symbiosis between the photosynthetic bradyrhi-
zobia and soybeans (9).
The nodulation assayswere performed inmodified Leonard jar
assemblies (11, 12) containing vermiculite and perlite (3:1). Each
Leonard jar assemblywas plantedwith two surface-sterilized seeds
ofG. max cultivarWilliams, Peking, or Lambert in three hills, and
the seedlings were thinned to one seedling of each genotype per
hill 3 days after emergence. Seedlings in five replicate Leonard jars
were inoculated with 1.0 ml (about 1107 cells) of an AG-grown
(12), stationary-phase culture of Bradyrhizobium strain ORS278,
ORS285, or USDA 110. Noninoculated plants served as negative
controls, and plants inoculated with B. japonicum strain USDA
110 served as positive nodulation controls. After inoculation, the
seeds were covered with vermiculite and a 1-cm layer of sterilized
paraffin-coated sand and watered with Keyser’s nitrogen-free nu-
trient solution (13). Plants were grown in growth chambers under
two different temperature conditions: (i) a high-temperature con-
dition of 28°C for 16 h (light)/23°C for 8 h (dark) and (ii) a low-
temperature condition of 20°C for 16 h (light)/15°C for 8 h (dark).
The plants were harvested 35 days after inoculation. Nodule num-
ber and dry mass, as well as nitrogen fixation as measured by the
acetylene reduction assay (ARA), were determined as previously
described (14).
Results in Table 1 show that the nod gene-containing ORS285
strain formed bona fide nodules on the three G. max varieties
tested under high-temperature (28°C) conditions that looked like
nodules elicited by strainUSDA110 (Fig. 1A andB).However, the
numbers of nodules, their sizes, and their nitrogen fixation effi-
ciencies differed drastically depending on both the soybean geno-
type and the culture conditions tested (Table 1). The most effec-
tive symbiosis was obtained with soybean cv. Peking, where the
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ARA activity measured was comparable to that obtained with
strain USDA 110.
We took advantage of the ability of the ORS285 strain to stably
maintain a plasmid harboring the green fluorescent protein (GFP)
gene to analyze colonization of cv. Peking nodules by the bacteria
(5). Confocal microscopy revealed that the central tissue accumu-
lated a brown pigment that autofluoresced in the red spectrum
(excitation, 488 nm; emission, 600/660 nm) under high-temper-
ature culture conditions (Fig. 1D and G). This is similar to the
accumulation of polyphenol compounds that are generally asso-
ciated with plant defense responses (15). In contrast, these plant
defense-like reactions were never observed under low-tempera-
ture culture conditions—the central tissue was completely in-
vaded by bacteria, indicating that the symbiotic interaction was
compatible (Fig. 1H). Unexpectedly, although infection threads
could be seen, extensive intercellular proliferation of the bacteria
was also observed in a few nodules (Fig. 1I and J). This dual infec-
tion of soybean nodules, to our knowledge, has never been de-
scribed before. This suggests that intercellular and intracellular
infection processes in soybean can simultaneously occur in rare
cases.
In contrast, the nod gene-lacking strain ORS278 failed to in-
duce nodules on any of the tested G. max cultivars, regardless of
the incubation temperature (Table 1). These data substantiate
previous results indicating that Nod factors are absolutely re-
quired for the establishment of nitrogen-fixing root-nodule sym-
bioses with soybean (16). However, under the two temperature
conditions tested, small bumps were generally produced at the
emergences of lateral roots on all three cultivars (Fig. 1C). Cyto-
logical analysis showed that these structures were devoid of bac-
teria (data not shown). They could have resulted from the bacte-
rial synthesis of phytohormones, such as auxin and cytokinin,
which have previously been shown to play essential roles in the
control of cell proliferation during nodule formation (17–19).
Electron microscopic analyses of the nodules formed on cv.
Peking by strains ORS285 and USDA 110, grown under low-tem-
perature culture conditions, showed that USDA 110 bacteroids
accumulated a large quantity of poly--hydroxybutyrate (PHB)
granules, whereas it was rare to observe such granules in ORS285
bacteroids (Fig. 1K and L). Strain ORS285 does not lack the enzy-
matic activity necessary for the synthesis of PHB, since this storage
material accumulates in this strain during symbiosis with
Aeschynomene (5). The symbiosis-specific accumulation of PHB
may be due to bacteroid metabolic differences that occur in dif-
ferent host backgrounds, or may reflect overall differences in car-
bon flow to nodules.
Taken together, these data demonstrate that the nod gene-con-
taining photosynthetic Bradyrhizobium strains can establish an
effective symbiotic relationship with G. max, but this occurs only
with specific G. max genotypes and under specific temperature
conditions. For example, strain ORS285 was able to nodulate the
three soybean cultivars under high-temperature (28°C) condi-
tions, but elevated nitrogen-fixing activity was observed only on
soybean cv. Peking. Furthermore, only this cultivar formed nod-
ules at 20°C. It has long been known that several host Rj genes
control nodulation specificity in soybeans (10, 20), and some of
these genes interact with bradyrhizobia in a temperature-depen-
dent manner (9). The presence/absence or the dominance/reces-
siveness of one of these determinants could explain the symbiotic
differences observed between the varieties tested. The pattern of
flavonoids exuded by soybean roots is also a parameter to take into
consideration. Indeed, it has previously been shown that the fam-
ilies of flavonoids that induce nod genes are greatly different be-
tween ORS285 and USDA 110 (6). It is possible that only G. max
cv. Peking exudes the appropriate flavonoids at the two tempera-
tures tested that can induce expression of the nod genes in
ORS285. Temperature could also greatly impact the growth of the
bacteria in the rhizosphere or modulate the pattern of glycocon-
jugates associated with the bacterial cell-wall, greatly influencing
the response of the plant to invasion. Further studies are therefore
necessary to completely understand what restricts the establish-
ment of the symbiotic relationship between photosynthetic bra-
dyrhizobia and soybeans.
Despite this lack of knowledge, however, we have already taken
advantage of efficient nodulation of soybean cv. Peking by strain
ORS285 to make progress in our understanding of a novel symbi-
otic interaction between this bacterium and soybeans. Indeed, a
large amount of genomic information, as well as genetic tools, is
TABLE 1 Nodulation responses of photosynthetic bradyrhizobia and B. japonicum USDA 110 on three soybean cultivars
Culture
condition Inoculant
Nodulation response ona:
G. max cv. Williams G. max cv. Peking G. max cv. Lambert
No. of nodules
Nodule fresh
mass (mg) ARAb No. of nodules
Nodule fresh
mass (mg) ARA No. of nodules
Nodule fresh
mass (mg) ARA
28°Cc USDA 110 10 2.3 83.2 23.1 94 0.02 3 1 38.4 2.4 48.0 7.7 8 1.4 11.5 2.4 16.6 2.9
ORS285 24 11 89.5 24.1 4.1 2.5 13 4 52.5 8.2 41.1 12.5 28 2.1 18.3 5.6 0.06 0.02
ORS278 0 0 0 0 0 0 0 0 0
NId 0 0 0 0 0 0 0 0 0
20°Ce USDA 110 31 11.4 39.3 7.2 76.8 7.8 26 10 135.3 13.7 123.6 12 9 2.1 44.3 3.4 95.2 15.6
ORS285 0 0 0 37 10 80 11.1 75.3 6.6 0 0 0
ORS278 0 0 0 0 0 0 0 0 0
NI 0 0 0 0 0 0 0 0 0
a Values are the means of the results of five replicates standard errors. Numbers of nodules and mass values (in mg) are per plant.
b ARA values are expressed in mol C2H4/produced/h/plant.
c High temperature: 28°C for 16 h (light)/23°C for 8 h (dark).
d NI, not inoculated.
e Low temperature: 20°C for 16 h (light)/15°C for 8 h (dark).
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FIG 1 Symbiotic interaction between Bradyrhizobium strains USDA 110, ORS278, and ORS285 and Glycine max. (A to C) Response of G. max cv. Peking
grown at low temperature (20°C) and inoculated with B. japonicum strain USDA 110 (A) and Bradyrhizobium sp. strains ORS285 (B) and ORS278 (C).
Insets in panels A and B show a cross section of the nodules produced. The pink color in the central tissue is due to leghemoglobin and is an indicator of
nitrogen-fixating efficacy. The inset in panel C shows, at higher magnification, the bumps elicited by strain ORS278. Panels D and E show cross sections
of a nodule formed by ORS285 onG. max cv. Peking cultivated at high (D) and low (E) temperatures. Note in panel D the accumulation of brown pigment
in the central tissue, similar to what is seen in plant defense reactions. Panel F shows a cross-sectional view of a nodule formed by USDA 110 on G. max
cv. Peking cultivated at high temperature. Panels G through J are confocal microscopic images of the nodules formed by ORS285 on G. max cv. Peking
cultivated at high temperature (G) and low temperature (H, I, and J). Panels I and J are higher magnifications of panel H and demonstrate that the nodule
tissue is infected both intercellularly and intracellularly. Panels K and L show representative transmission electron micrographs of infected cells of mature
nodules onG. max cv. Peking elicited by USDA 110 (K) and ORS285 (L) cultivated at low temperature. Note the accumulation of poly-ß-hydroxybutyrate
granules (light areas) in USDA 110 bacteroids. Microscopic observations were performed on 30-to-40-m-thick vibratome (Leica VT1000S) sections
from fresh nodule samples using a fluorescence stereo microscope (Nikon AZ100) (D to F), a confocal laser scanning microscope (Carl Zeiss LSM 700)
(G to J), or a transmission electron microscope (Jeol 100CX II) (K and L).
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now available concerning the photosynthetic bradyrhizobia. In
particular, a plasmid that originated from Rhodopseudomonas
palustris is stably maintained in ORS285 (5, 21). Thanks to this
plasmid, into which we introduced the GFP-encoding gene, it was
possible to show in this study that intercellular invasion of soy-
bean nodules could occur, although at a low frequency. To date,
making “bright” GFP-expressing soybean bradyrhizobia has been
difficult, and this likely limited past observations. Thus, one im-
portant conclusion from this study is that the photosynthetic Bra-
dyrhizobium strains can be used to provide complementary data to
address important functional questions concerning the soybean
symbiosis. This will likely advance our understanding of this ag-
ronomically and biologically important symbiotic system.
ACKNOWLEDGMENTS
This work was supported by a grant from the French National Research
Agency (ANR-SESAM-2010-BLAN-170801) and by grants 2011-51300-
30743 from U.S. Department of Agriculture National Institute of Food
and Agriculture and 0820005 from the National Science Foundation (to
M.J.S.).
REFERENCES
1. Giraud E, Hannibal L, Fardoux J, Verméglio A, Dreyfus B. 2000. Effect
of Bradyrhizobium photosynthesis on stem nodulation of Aeschynomene
sensitiva. Proc. Natl. Acad. Sci. U. S. A. 97:14795–14800.
2. Alazard D. 1990. Nitrogen fixation in pure culture by rhizobia isolated
from stem nodules of tropical Aeschynomene species. FEMS Microbiol.
Lett. 68:177–182.
3. Chaintreuil C, Giraud E, Prin Y, Lorquin J, Bâ A, Gillis M, de Lajudie
P, Dreyfus B. 2000. Photosynthetic bradyrhizobia are natural endophytes
of the African wild rice Oryza breviligulata. Appl. Environ. Microbiol.
66:5437–5447.
4. Giraud E, Moulin L, Vallenet D, Barbe V, Cytryn E, Avarre JC, Jaubert
M, Simon D, Cartieaux F, Prin Y, Bena G, Hannibal L, Fardoux J,
Kojadinovic M, Vuillet L, Lajus A, Cruveiller S, Rouy Z, Mangenot S,
Segurens B, Dossat C, Franck WL, Chang WS, Saunders E, Bruce D,
Richardson P, Normand P, Dreyfus B, Pignol D, Stacey Emerich GD,
Vermeglio A, Medigue C, Sadowsky M. 2007. Legumes symbioses: ab-
sence of Nod genes in photosynthetic bradyrhizobia. Science 316:1307–
1312.
5. Bonaldi K, Gargani D, Prin Y, Fardoux J, Gully D, Nouwen N, Goor-
machtig S, Giraud E. 2011. Nodulation of Aeschynomene afraspera and A.
indica by photosynthetic Bradyrhizobium sp. strain ORS285: the Nod-
dependent versus the Nod-independent symbiotic interaction.Mol. Plant
Microbe Interact. 24:1359–1371.
6. Renier A, Maillet F, Fardoux J, Poinsot VR, Giraud E, Nouwen N. 2011.
Photosynthetic Bradyrhizobium sp. strain ORS285 synthesizes 2-O-
methylfucosylated lipochitooligosaccharides for nod gene dependent in-
teraction with Aeschynomene plants. Mol. Plant Microbe Interact. 24:
1440–1447.
7. Cregan PB, Keyser HH, Sadowsky MJ. 1989. A soybean genotype that
restricts nodulation of a previously unrestricted isolate of Bradyrhizobium
japonicum serocluster 123. Crop Sci. 29:307–312.
8. Sadowsky MJ, Cregan PB, Gottfert M, Sharma A, Gerhold D, Rodri-
guez-Quinones F, Keyser HH, Henneke H, Stacey G. 1991. The Brady-
rhizobium japonicum nolA gene and its involvement in the genotype-
specific nodulation of soybeans. Proc.Natl. Acad. Sci. U. S. A. 88:637–641.
9. Sadowsky MJ, Kosslak RM, Madrzak CJ, Golinska B, Cregan PB. 1995.
Restriction of nodulation by Bradyrhizobium japonicum is mediated by
factors present in the roots of Glycine max. Appl. Environ. Microbiol.
61:832–836.
10. Yang S, Tang F, Gao M, Krishnan HB, Zhu H. 2010. R gene-controlled
host specificity in the legume-rhizobia symbiosis. Proc. Natl. Acad. Sci.
U. S. A. 107:18735–18740.
11. Vincent JM. 1970. A manual for the practical study of root nodule bacte-
ria. International biological programmehandbook 15. Blackwell Scientific
Publications, Oxford, United Kingdom.
12. Sadowsky MJ, Tully RE, Cregan PB, Keyser HH. 1987. Genetic diversity
in Bradyrhizobium japonicum serogroup 123 and its relation to genotype-
specific nodulation of soybeans. Appl. Environ.Microbiol. 53:2624–2630.
13. Cregan PB, Keyser HH. 1988. Influence of Glycine spp. on competitive-
ness of Bradyrhizobium japonicum and Rhizobium fredii. Appl. Environ.
Microbiol. 54:803–808.
14. Keyser HH, Van Berkun P, Weber DF. 1982. Comparative study of the
physiology of symbioses byRhizobium japonicumwithGlycinemax,Vigna
unguiculata, and Macroptilium atropurpureum. Plant Physiol. 70:1626–
1630.
15. Vasse J, de Billy F, Truchet G. 1993. Abortion of infection during the
Rhizobium meliloti-alfalfa symbiotic interaction is accompanied by a hy-
persensitive reaction. Plant J. 4:555–566.
16. Göttfert M, Lamb JW, Gasser R, Semenza J, Hennecke H. 1989. Muta-
tional analysis of the Bradyrhizobium japonicum common nod genes and
further nod box-linked genomicDNA regions.Mol. Gen. Genet. 215:407–
415.
17. Gonzalez-Rizzo S, Crespi M, Frugier F. 2006. The Medicago truncatula
CRE1 cytokinin receptor regulates lateral root development and early
symbiotic interaction with Sinorhizobium meliloti. Plant Cell 18:2680–
2693.
18. Murray JD, Karas BJ, Sato S, Tabata S, Amyot L, Szczyglowski K. 2007.
A cytokinin perception mutant colonized by Rhizobium in the absence of
nodule organogenesis. Science 315:101–104.
19. Suzaki T, Yano K, Ito M, Umehara Y, Suganuma N, Kawaguchi M.
2012. Positive and negative regulation of cortical cell division during root
nodule development in Lotus japonicus is accompanied by auxin response.
Development 139:3997–4006.
20. Hayashi M, Saeki Y, Haga M, Harada K, Kouchi H, Umehara Y. 2012.
Rj(rj) gene involved in nitrogen-fixing root nodule formation in soybean.
Breed. Sci. 61:544–553.
21. Inui M, Roh JH, Zahn K, Yukawa H. 2000. Sequence analysis of the
cryptic plasmid pMG101 fromRhodopseudomonas palustris and construc-
tion of stable cloning vectors. Appl. Environ. Microbiol. 66:54–63.
Giraud et al.
2462 aem.asm.org Applied and Environmental Microbiology
 o
n
 April 25, 2013 by guest
http://aem
.asm
.org/
D
ow
nloaded from
 
